Abstract The quality and extent of the 'matrix' in terrestrial fragmented landscapes may influence the persistence and behaviour of patch-associated fauna. Butterflies are a popular target group for fragmentation studies and represent an ideal assemblage to explore the impact and role of the matrix in patchy landscapes. To date, there has been no attempt to synthesise available research and assess the extent to which the matrix is included in studies of fragmented butterfly populations. Addressing this issue is important for improved understanding of habitat use in fragmented landscapes, and for the successful management and conservation of butterfly biodiversity. Our systematic review of 100 empirical research papers spans 50 years, and identifies how (and indeed if) the matrix is recognised in studies of butterfly populations in fragmented landscapes. We found that it was significantly more likely for studies not to include the matrix in their experimental design. This is of particular concern given 60 % of papers that excluded the matrix in their research did so in systems where the matrix was expected to contain resources of value for patch-associated species (as it was either a heterogeneous landscape or had similar structure to patches). Of the papers that did consider the matrix, 80 % (n = 24) reported a negative effect of the matrix on butterfly species and/or communities. Matrix effects may influence the survival and persistence of faunal groups in a world increasingly dominated by fragmented habitats. Our review suggests that future research should clearly define the matrix, and incorporate it in appropriate experimental designs.
Introduction
Habitat fragmentation and habitat loss pose major threats to global biodiversity (Gray 1997; Harrisson et al. 2012; Foley et al. 2005; Saunders et al. 1991) . Therefore, efforts to understand the spatial and ecological dynamics that underpin responses of populations to fragmentation have been a key focus for ecologists and conservationists worldwide (i.e. reviewed in Turner 2005; Collinge 2009 ). Recently, there has been growing recognition of the importance of the areas between habitat patches (termed the 'matrix') in mitigating species responses to, and behaviour within, fragmented landscapes (Vandermeer and Carvajal 2001; Jules and Shahani 2003; Lindenmayer and Fischer 2006; Franklin and Lindenmayer 2009 ). Here, we define the matrix as the dominant (usually non-native) vegetation cover in which other land-cover types (i.e. habitat patches) are embedded (Driscoll et al. 2013) . Patch-associated species cannot establish self-sustaining populations in the matrix. Because the matrix and habitat patches are defined according to species resource requirements (Dennis 2012; Dennis et al. 2013) , what the matrix is for some species or was the matrix at one point in time, may not be at other times or for different species (Driscoll et al. 2013) .
In terrestrial landscapes, the matrix often consists of a complex mosaic of different land cover types (Ricketts 2001) . This complexity may influence the degree of permeability, ease of dispersal, and rates of migration for patch-associated flora and fauna (Krauss et al. 2003; Dennis 2012; Ricketts 2001) . Some matrix types may successfully contribute to the persistence and survival of populations within patches by: (1) providing food resources to fauna inside patches (Kennedy et al. 2010; Brady et al. 2011; Dennis 2004) , (2) influencing conditions experienced at the edges of patches which in turn favours certain species over others (Ries and Sisk 2010; Lindenmayer et al. 2009; Driscoll and Donovan 2004) , and/or (3) facilitating the dispersal of species between patches (Gascon et al. 1999; Jauker et al. 2009; Kuefler et al. 2010 ) and influencing the outcome of movement into patches (Schwab and Zandbergen 2011) .
Despite the pivotal role the matrix can play in patchy landscapes, there are many studies of fragmented landscapes that do not include the matrix in their experimental design or discussion of their findings Brueckmann et al. 2010; Krauss et al. 2004; Summerville and Crist 2001) . The common use of Island Biogeography and metapopulation theories for understanding spatial dynamics in fragmented landscapes (Simberloff and Abele 1976; Jorge 1992; Baguette 2004 ) often results in the matrix being treated as an 'ocean'; uniform in nature and unsuitable for populations associated with patches of native vegetation (Lindenmayer and Fischer 2006; Franklin and Lindenmayer 2009; Ricketts 2001 ). This conceptual simplification of fragmented landscapes and lack of attention to the matrix is often unjustified. For example, in landscapes where the matrix is similar in structure to patches or consists of variable (heterogeneous) habitats, it is possible that the matrix offers resources of value to patch-associated species and communities (Jules and Shahani 2003; Baum et al. 2004; Bender and Fahrig 2005; Goodwin and Fahrig 2002; Revilla et al. 2004; Dennis 2004) . Therefore, the exclusion of the matrix in so many studies represents a potentially large knowledge gap in modern conservation ecology.
Butterflies have been a very popular study group within fragmented landscapes (reviewed in Warren and Bourn 2011) . They represent an ideal group to explore the impacts and role of the matrix. This is because most species are easy to identify, catch, mark and observe (Kremen 1994; Franzén and Ranius 2004; Lomov et al. 2006 ). In addition, many have very specific resource requirements (e.g. Dennis et al. 2004; Prudic et al. 2007) , therefore making the distinction between patch and matrix obvious. However, the extent to which the matrix is included in the experimental design of fragmentation studies (i.e. surveys conducted in the matrix as well as within fragments) seems highly variable. While some studies show that matrix type can have a strong influence on the movement of butterflies between patches (Stasek et al. 2008; Ries and Debinski 2001; Ross et al. 2005a; Dover 1996; Ricketts 2001) , many others completely exclude the matrix and focus solely on the characteristics of patches (such as patch size, shape, isolation etc.; e.g. Dover and Settele 2009; Debinski and Holt 2000; Steffan-Dewenter and Tscharntke 2002) .
Here, we review a sample of empirical papers that have been published in major journals in an effort to summarise how (and indeed even if) the matrix is being incorporated into butterfly studies, and, where the matrix has been considered, the response of butterflies to the matrix. While other reviews have examined the effects of patch attributes such as size, shape, distance from other patches and dispersal between patches (e.g. Fahrig 2003; Debinski and Holt 2000; Dover and Settele 2009) , none have yet quantified when and how the matrix is sampled in fragmentation studies on butterflies. This is a pivotal area to address as the response of butterflies to the matrix may have profound implications for the survival and persistence of many species in fragmented landscapes (e.g. Ricketts 2001) .
The key aims of this paper were to identify: (1) how often fragmentation studies mention the matrix (on any level); (2) how common it was for such studies to include the matrix in the experimental design (and how this was done); (3) whether these papers showed a negative or positive impact of the matrix, and; (4) whether there was adequate justification for studies that did not include the matrix.
By asking these questions, we identified the knowledge gaps that currently exist in our understanding of the role the matrix plays for butterflies in fragmented landscapes. The information gained from our review is especially relevant for a world increasingly dominated by patchy landscapes (Gray 1997; Harrisson et al. 2012; Foley et al. 2005; Saunders et al. 1991) .
Methods

Review process
Using the key elements of our review topic to guide the development of a suitable search term, we identified relevant studies through an electronic search of Web of Science using the terms ''(butterfl* OR Lepidoptera) AND fragmentation''. The search terms we used for our systematic review were chosen as they returned both the greatest number of total papers, and the highest number of relevant papers. We acknowledge that other search terms may have returned different papers that were missed in our review, although other search terms were not as comprehensive as the string we used (Appendix A in ESM). Further, while we acknowledge that other search engines may have returned different or additional relevant literature, we chose to use Web of Science as it is one of the most widely used, reliable and comprehensive search databases of scientific literature (Falagas et al. 2008 ).
The literature returned in our search was then subject to a three-stage process before being accepted into the final systematic review. First, any article with a title that was irrelevant to butterfly species/communities and landscape fragmentation was removed. The abstract of each remaining article was then read. Any article that appeared to address landscape fragmentation and butterfly biodiversity (or individual species) was accepted. The full text of all remaining articles was read, and either rejected or accepted into the final review (criteria for rejections are mentioned below).
Research questions asked of each paper were aimed at gathering information on where the study was performed, the experimental design, as well as key findings of each paper. As our main questions referred to the matrix, we specifically collected data on whether a paper mentioned the word matrix, if the authors defined the matrix, if/how the matrix was included in the experimental design, and any key results or management recommendations made which related to the matrix. A full list of the information extracted from each paper is given in Table 1 .
We applied a range of specific criteria to select appropriate papers. Non-English language searches were not conducted as part of our review. However, our literature search did identify work from across the globe, and all relevant papers were included regardless of geographic origin. As the aims of our review related to the assessment of research-based, scientific studies, only empirical studies in peer-reviewed journals were included. Further, only quantitative research was included as it was important to be able to assess methodologies used to evaluate if, and how, the matrix was included in the experimental design. We concentrated our review efforts on studies conducted in terrestrial systems as opposed to studies conducted on island systems (such as ocean archipelagos). If our literature search returned a paper that referred to data previously published which had already been reviewed, the article was rejected to avoid over-representation of any one set of results.
We assessed only those papers that focussed on adult butterflies. Papers that dealt solely with larvae, caterpillars, eggs or only moth species were not considered. Adult butterflies can be quite mobile, and their perception of, and interaction with the matrix is different to that of larvae or caterpillars (Weiss et al. 1988; Bergerot et al. 2010 ). Many moth species are nocturnal and therefore there may also be marked differences in how they perceive the matrix compared to diurnal butterfly species (Ö ckinger and Van Dyck 2012; Ö ckinger et al. 2010 ).
Use of the terms 'matrix' and 'habitat' For papers reviewed which explicitly mentioned the term 'matrix', we scored them as including the matrix and recorded the definition of the matrix that they used (Table 2 ). For the remaining papers that did not use the term, it was still important that we discovered if the matrix had been considered in their experimental design. While we recognise that the matrix may be defined in various ways (e.g. from conservation biology viewpoint, an individual species or human perspective etc. Crow and Gustafson 1997; Lindenmayer et al. 2009; Lindenmayer and Franklin 2002; Fischer et al. 2004; Bunnell 1999) , we marked a paper as including the matrix if they studied butterflies or surveyed for species-specific resources in the land-cover types surrounding native vegetation patches. This remained the case even if those land-cover types were found to offer suitable habitat to butterflies, and therefore may not be considered a matrix from the butterfly's point of view. We also acknowledge that there are different definitions for 'habitat' (Fahrig 2003; Hall et al. 1997; Franklin et al. 2002; Dennis 2012) . To both complement our definition of the matrix, and make comparisons across multiple species and systems possible; throughout this paper we use the term 'native vegetation' when referring to patches of native vegetation and spare the use of the word 'habitat' to refer to the particular places occupied by a given species.
Statistical analysis
We performed a one-sample t test to assess whether papers returned in our search, were significantly (P B 0.05) more likely to have included the matrix in their experimental design compared to excluding it (i.e. null hypothesis that papers did not include the matrix). We performed this test using all 100 papers sampled. Statistical tests were performed using GenStat 14 (Payne et al. 2011 ).
Results
Our literature search was completed in September 2011. Our search terms returned 460 papers spanning 50 years. After reading their titles and discarding those papers that did not address the research area of interest, 190 papers remained. The abstracts of all 190 papers were read to assess for suitability for inclusion in our final review. After this evaluation, the final review incorporated a total of 100 papers, from 36 different journals.
Analysis of our summary statistics and fragment-related questions is presented in ''Appendix B in ESM''. The following section focuses on our results from matrix-related data analysis.
The matrix
Acknowledgement of the matrix
Of the 100 papers we reviewed, almost half (n = 48) mentioned the word 'matrix' in the text. However, of these, we found that only eight papers actually defined the matrix (Table 2) . Most of these papers (n = 6) loosely referred to the matrix as areas outside of remnant patches, with only three (Krauss et al. 2005; Muriel and Kattan 2009; Chardon et al. 2003) acknowledging that the matrix may be used by study species (Table 2) .
The matrix in experimental design
We found that it was significantly more likely for studies not to include the matrix in their experimental design (n = 70, t 1,99 = 6.51, P \ 0.001). Of the thirty papers that did include the matrix, only twenty explicitly mentioned the word 'matrix' (Tables 1, 2) .
For papers that included the matrix in the experimental design, 40 % (n = 12) either did not specify the matrix type, or the matrix included several different landscape cover types and so could not be classified (mixed/other category Fig. 1 ). Of the matrix types that could be identified, the most common land cover types in the studies we reviewed were forest (n = 8), farmland (n = 7) and The matrix is areas that are not source patches for species-so matrix could include habitat and non-habitat
Ricketts (2001) American Naturalist
The non-habitat surrounding the native habitat patches of interest
Bergerot et al. (2010) Plos One
The spaces in which landscape patches are embedded J Insect Conserv (2014) 18:283-294 287 plantations (n = 6; one coffee plantation, four pine plantations, one Eucalyptus plantation, Fig. 1 ).
Only nine (30 %) of the thirty papers that included the (potential) matrix in the experimental design actually surveyed butterflies in the areas between recognised habitat patches (Table 3) . The remaining studies examined how the presumed matrix influences within-patch mechanisms (such as movement or dispersal, n = 13, Table 3 ), or simply surveyed areas within the land-cover surrounding habitat patches to look for suitable vegetation or resources for species associated with patches (n = 8, Table 3 ).
Effect of the matrix and management recommendations
We found that 80 % (n = 24) of the papers that included the matrix in the experimental design reported a negative effect of the matrix on butterfly species and/or communities (only Bukovinszky et al. 2005; Muriel and Kattan 2009; Gutierrez et al. 1999; Collinge et al. 2003; Rickman and Connor 2003; and Ribeiro et al. 2008 did not) . Of these papers, less than half (n = 8) made management recommendations for the matrix (Table 4) . A further three papers, which did not include the matrix in the experimental design, also made management recommendations specific to the matrix (Table 4) . Management recommendations varied from open ended suggestions to consider the matrix in management plans, to more specific recommendations focussed on improving access to species-specific resource requirements in the matrix, such as; host-plant abundance, habitat resources for ant-mutualists, and altering vegetation structure to encourage and increase matrix permeability (Table 4) . Fig. 1 The matrix landscape cover types included in all studies that incorporated the matrix into their experimental design (n = 30). If a study examined more than one matrix type, and these matrix types were all defined, each matrix type was scored separately Studies that did not include the matrix
We found that 60 % (n = 42) of the 70 studies that did not include the matrix in any way in their experimental design were investigating butterflies in systems where the matrix type was either similar in structure to patches or consisted of various land cover types and thus were highly variable (heterogeneous). All other studies (n = 28) investigated butterflies in patches that were embedded in homogenous matrix landscapes that clearly contrasted with the patches of native vegetation (i.e. open vegetation within a pine plantation matrix, or rainforest patches within a farmland matrix).
Discussion
We present the first systematic review quantifying the extent of matrix inclusion in studies of butterflies occupying fragmented landscapes. Despite recognition of the importance of the matrix in a world increasingly dominated by patchy habitat networks (i.e. Jules and Shahani 2003; Franklin and Lindenmayer 2009 ), our results show that only 30 % of the quantitative studies reviewed explicitly included the matrix in the experimental design. In cases where the matrix was included in experimental design, only a limited number of studies actually surveyed butterflies within the matrix. Further, only eight papers developed their results concerning the matrix into management recommendations. Of particular concern is the number of papers that studied landscapes where the matrix was similar to patches, but it was nevertheless not explicitly included in the experimental design, despite literature suggesting the matrix may offer resources of value to patch-associated species in such landscapes (Jules and Shahani 2003; Baum et al. 2004; Bender and Fahrig 2005; Goodwin and Fahrig 2002; Revilla et al. 2004 ).
Recognition of the matrix and definitions
We found that less than half the papers reviewed mentioned the word 'matrix', and that of these, only eight made some attempt to define what the matrix was in the context of their study (Table 2) . While a lack of explanation of the matrix may not be an issue if it is clear that the matrix is a land- Noted the habitat type surrounding patches and also measured some variables in the matrix Description of how the matrix was included in the experimental design of these papers is outlined below Manage stand structure so as to allow for understorey growth, which potentially provides resources to butterflies Fowles and Smith (2006) 
Journal of Insect Conservation
Improve the condition of the matrix to improve amount of breeding grounds available
Ricketts (2001) American Naturalist
Change the management of the matrix to improve dispersal between patches
Ries and Debinski (2001) Journal of Animal Ecology
Modify the edge structure (i.e. the matrix), in an attempt to influence emigration rates between patches
Marin et al. (2009) Biodiversity and Conservation
Maintain the current matrix (as it contains patchy resources) rather than intensify agricultural practices
Nowicki et al. (2007) Biological Conservation
Matrix should not be concreted, best if it consists of habitat that is useful for ants (because of symbiotic relationship with the focal butterfly species)
Bergman et al. (2004) Ecography
Acknowledged that butterflies in patches are affected by the matrix, so management should consider the matrix
Zschokke et al. (2000) Oecologia
Acknowledged that unsuitable matrix may be a barrier to dispersal-so management should consider the matrix J Insect Conserv (2014) 18:283-294 289 cover type completely unsuitable for patch-associated species, we found that many of the papers reviewed which failed to define the matrix, also failed to describe the vegetation or landscape characteristics of the matrix. This meant that determining if the areas between patches might be suitable for focal species was impossible. Further, we also found that when papers did define the matrix, this definition varied widely; from more species-specific resource-based approaches, to ones based on landscape-level vegetation structure (Table 2) . Without the use of consistent definitions associated with consistent theory (Driscoll and Lindenmayer 2012) , it becomes impossible to assess whether the assumptions made about the matrix, and its exclusion from experimental design, were valid. Further, it also makes reviewing the literature difficult, as papers that fail to use the term matrix may be missed in literature searches even if these papers contribute to the field of knowledge. Butterfly response to fragmentation and individual's ability to use the matrix is significantly impacted by the quality of the matrix (e.g. Krauss et al. 2003; Ricketts 2001) . Therefore, it is important for studies to examine matrix quality and possible variations that exist within the matrix, rather than treat it as a uniform area (Krauss et al. 2003; Stasek et al. 2008; Vandermeer and Carvajal 2001; Prevedello and Vieira 2010; Dennis 2012) . When studies fail to identify or describe characteristics of the matrix, there is a risk that differences within areas of the matrix will be overlooked (Prevedello and Vieira 2010) . Such oversights may lead to over-simplified or misinterpreted conclusions about the effects of fragmentation on butterflies, which in-turn has negative impacts on the development of successful management and biodiversity conservation (Kupfer et al. 2006; Jules and Shahani 2003; Pearson et al. 1996) . At the very least, it makes it impossible for readers and reviewers to assess whether the exclusion of the matrix was reasonable. Our review therefore highlights the need for studies of butterflies in fragmented landscapes to ensure clear descriptions and definitions of the matrix are provided. These definitions should use a functional resource-based approach (Dennis et al. 2003) to define what areas within the landscape really are unsuitable and hostile matrix and what land-cover elements constitute habitat for the particular species under question (Fischer et al. 2004; Dennis et al. 2006; Dennis 2012) . In using such an approach, research will avoid oversimplifying the landscape (e.g. defining cleared land between native vegetation patches as a matrix despite the focal species occurring throughout both land-cover types), or identifying patches and matrix based purely on the human perspective Bunnell 1999) .
Inclusion/exclusion in experimental design
Despite the recognition of the importance of the matrix in the broader fragmentation literature (Vandermeer and Carvajal 2001; Jules and Shahani 2003; Lindenmayer and Fischer 2006; Franklin and Lindenmayer 2009; Dover 1996; Dennis 2004) , we found that 70 % of studies reviewed did not include the matrix in their experimental design. This exclusion is of serious concern, especially as 60 % of these studies were conducted in landscapes where the matrix was either similar in structure to patches or consisted of various vegetation/land-cover types and thus were highly variable. For example, Ockinger and Smith (2006) , Yamaura et al. (2008) and van Halder et al. (2008) all performed research on butterflies in areas where the matrix was likely to have some features in common with habitat patches (as they were similar in structure; such as grassland patches with farmland matrix, or young pine embedded in older pine stands), but failed to include the matrix in their experimental design. Prevedello and Vieira (2010) found that in 88 % of studies which examined the influence of different matrices on a range of taxa, matrices more similar to habitat patches displayed higher levels of functional connectivity for patchassociated species. Hence, it is likely that the matrix in those aforementioned studies was of higher quality for patchassociated species than studies where the matrix clearly contrasts with habitat patches (reviewed in Prevedello and Vieira 2010) . Therefore, interpretations of the effects of fragmentation from such studies may be misleading, as they fail to determine whether or not the matrix may aid in the dispersal or survival of patch-associated butterflies (perhaps by providing food resources, or conversely increasing mortality rates during dispersal; e.g. Hudgens and Haddad 2003; Bender and Fahrig 2005) . Failure to identify whether landcover types surrounding native vegetation patches function as a matrix from so many of the studies presents a concerning knowledge gap. The opportunity to assess the effects and impact of the matrix on patch-associated butterfly species and communities has been overlooked.
We also found that, of those papers that did include the matrix in the experimental design, only 30 % actually surveyed butterflies within the matrix. These papers found that matrix quality affected the ability of butterflies to disperse through, and use the spaces between, habitat fragments. The rest of the studies (70 % of those that did include the matrix) only inferred conclusions about effects on butterflies from analysis of physical conditions or vegetation in the matrix. Most of these studies in fact only examined barrier effects posed by the matrix at the edges of native vegetation patches (Bukovinszky et al. 2005; Collinge et al. 2003; Cozzi et al. 2008; Krauss et al. 2005; Leidner and Haddad 2010; Ribeiro et al. 2008; Ricketts 2001; Rickman and Connor 2003; Ries and Debinski 2001; Ries and Sisk 2010; Roland et al. 2000; Schtickzelle and Baguette 2003; Schtickzelle et al. 2006; Wettstein and Schmid 1999) . Such studies can therefore make conclusions only about the impact of the matrix immediately surrounding patches. Recent research has shown that within-patch dynamics are effected by the surrounding landscape on quite large spatial scales (tens of square kilometres; Bergman et al. 2004) , and are not just limited to the area immediately surrounding a patch edge (e.g. Ross et al. 2005b; Didham and Ewers 2012; Kennedy et al. 2010) . As such, these aforementioned experiments provide limited insight into landscape use and do little to extend our knowledge of how the matrix is used by patch-associated species (Prevedello and Vieira 2010; Kennedy et al. 2010) .
Papers that included the matrix almost always found some effect of the matrix on butterfly species or communities (Table 3) , predominantly related to dispersal ability and behaviour. Our findings support observations of other reviews concerned with quantitative matrix studies, which have shown that the matrix influences study parameters up to 95 % of the time (Prevedello and Vieira 2010) . Our results reaffirm the importance of considering the matrix in fragmentation studies to increase our understanding of populations in patchy landscapes. Further, our findings suggest that the inclusion of the matrix is important for a wider range of fragmentation studies than it is currently considered in, including those papers that we reviewed that did not consider the matrix.
Management and future
We found that less than half of the already small number of papers that included the matrix in their study went on to provide recommendations about the management of the matrix. Most studies acknowledged that matrix heterogeneity and landscape elements that aid dispersal (presumably elements similar to those within habitat patches) should be maintained or increased (Table 4) . While increasing habitat heterogeneity may inadvertently improve matrix quality for butterfly species, we suggest that management may need a more tailored approach to specifically target and successfully conserve butterfly species of interest. This is because butterflies have complex life cycles, and thus their resource requirements may change several times during their lifespan (Boggs 1992; Moran 1994; Kingsolver et al. 2011) . Further, many species require the presence of specific plant species and/or ant species for survival (e.g. Fiedler and Maschwitz 1989; Dennis et al. 2004; Rodrigues et al. 2010; Forister et al. 2011) . Therefore, we urge that future research should place more consideration on species-specific requirements (Dennis et al. 2003 (Dennis et al. , 2006 such as host-plant availability, habitat structure and the support of ant-mutualism so that butterflies are more likely to use or successfully traverse the matrix.
As landscapes become more fragmented (Gray 1997; Harrisson et al. 2012; Foley et al. 2005; Saunders et al. 1991) , we need a sound understanding of how species interact with the land-cover types that dominate the patchy landscape, not just quantifications of patterns of occurrence within native fragments (Ricketts 2001; Brady et al. 2011; Prevedello and Vieira 2010) . This is especially true given that the surrounding landscape can significantly influence the behaviour and, ultimately, persistence of individuals and communities in patches (Vandermeer and Carvajal 2001; Jules and Shahani 2003; Lindenmayer and Fischer 2006; Franklin and Lindenmayer 2009) .
Future research in terrestrial fragmented landscapes should make concerted efforts to incorporate the matrix into experimental design, not only at patch-matrix boundaries, but to also consider responses to the matrix at larger scales. This will provide a more comprehensive understanding of the matrix, and therefore allow researchers to identify if and how areas of the matrix are used by focal species. Improving research in fragmented landscapes in these ways will allow research to better assess both the use of the matrix by patch-associated species and the role the matrix may play in mitigating the survival and behaviour of species within patches.
